Hypoxia inducible factors (HIFs) are transcription factors that mediate the response of cells to hypoxia. HIFs have wide-ranging effects on metabolism, the tumor microenvironment (TME) and the extracellular matrix (ECM). Here we investigated the silencing effects of two of the three known isoforms, HIF-1α and HIF-2α, on collagen 1 (Col1) fibers, which form a major component of the ECM of tumors. Using a loss-of-function approach for HIF-1α or 2α or both HIF-1α and 2α, we identified a relationship between HIFs and Col1 fibers in MDA-MB-231 tumors. Tumors derived from MDA-MB-231 cells with HIF-1α or 2α or both HIF-1α and 2α silenced contained higher percent fiber volume and lower inter-fiber distance compared to tumors derived from empty vector MDA-MB-231 cells. Depending upon the type of silencing, we observed changes in Col1 degrading enzymes, and enzymes involved in Col1 synthesis and deposition. Additionally, a reduction in lysyl oxidase protein expression in HIF-down-regulated tumors suggests that more non-cross-linked fibers were present. Collectively these results identify the role of HIFs in modifying the ECM and the TME and provide new insights into the effects of hypoxia on the tumor ECM.
Introduction
Hypoxia and the stabilization of hypoxia inducible factors (HIFs) that mediate the adaptive response of cancer cells to hypoxia have been associated with increased invasiveness and metastasis [1] . Three known HIF isoforms, HIF-1α, HIF-2α and HIF-3α with separate as well as overlapping roles have been identified [2] [3] [4] . Of these, HIF-1α is the most widely investigated. Triple negative breast cancer (TNBC) is an aggressive form of breast cancer that occurs in 15-20% of breast cancer patients. TNBCs relapse, display refractory drug-resistance, and metastasize earlier than other subtypes [5, 6] . In TNBCs, overexpression of HIF-1α was associated with poor outcome in early stage disease [7] . In a recent study, immunization against HIF-1α inhibited the growth of basal mammary tumors [8] . The same study showed elevation of HIF-1α-specific IgG in TNBC patients.
Cancer cells invade and migrate through the ECM on their metastatic journey [9] [10] [11] . Hypoxia and HIFs can facilitate invasion and metastasis by regulation of degradative enzymes and remodeling of the ECM [12] . Collagen 1 (Col1) fibers are a major component of the tumor ECM [13] . Col1 fibers also play a role in tumor development and metastasis [13] [14] [15] . High Col1 fiber density has been associated with tumor aggressiveness [13] [14] [15] . In breast cancers, high Col1 fiber density has been associated with increased malignancy [14] . The COL1A1 and COL1A2 genes produce pro-α1(I) and pro-α2(I) chains of the type I procollagen [16] . Prolyl 4-hydroxylases (P4Hs) are enzymes that catalyze the hydroxylation of proline residues on the pre-pro-collagen chains to form 4-hydroxyproline [17] . The hydroxylation of proline is a crucial step in forming procollagen type I that eventually forms mature Col1 after cross-linking by lysyl oxidase (LOX) [18] . LOX and the LOX-like family are enzymes that catalyze the cross-linking of Col1 [19] . High LOX or LOX-like expression has been associated poor prognosis in breast cancer [20] [21] [22] [23] . Additionally, LOX and LOX-L2 are up-regulated in highly metastatic breast cancer cells [24] . LOX expression was found to be induced by hypoxia and regulated by HIF-1 in triple negative breast cancer cells [25] . Recently, HIF response elements were identified in the human LOX gene promoter [26] .
Matrix metalloproteinases (MMPs) are zinc-dependent endopeptidases that degrade ECM proteins. MMP-1 and MMP-14, specifically, degrade and remodel Col1 fibers [27] . MMP-1 has been found to promote tumor growth and metastasis particularly to the brain [28] . MMP-14, or MT1-MMP, is a member of the membrane-type MMP subfamily (MT-MMP). Whereas other MMPs are secreted, MT-MMPs are part of a subfamily expressed as active proteins on the surface of cells [29, 30] . MT1-MMP has previously been linked to angiogenesis and invasion [31, 32] .
Here, for the first time, we investigated the relationship between down-regulation of HIF-1α, HIF-2α, or combined HIF-1α and HIF-2α, on Col1 fiber patterns detected with second harmonic generation (SHG) microscopy of MDA-MB-231 triple negative breast cancer xenografts. To identify the molecular mechanisms underlying the differences in Col1 fiber patterns, we assayed LOX, P4HA1, P4HA2, MMP-1 and MT1-MMP in these tumors. Since cancer associated fibroblasts (CAFs) are a major source of Col1 fibers in tumors, we determined the numbers of CAFs in these tumors [33, 34] . Our data provide new insights into the role of HIFs in regulating the tumor ECM.
Materials and Methods

Cells and Cell Culture Conditions
Cloning and generation of MDA-MB-231 cells stably expressing shRNA against HIF-1α, HIF-2α and both HIF-1α and HIF-2α using lentiviral transduction were performed as previously described [35, 36] . Cells were maintained in RPMI 1640 medium (Mediatech, Manassas, VA, USA) supplemented with 10% fetal bovine serum (Sigma, St. Louis, MO), and maintained at 37°C in a CO 2 incubator.
Tumor Studies
MDA-MB-231 cells expressing shRNA against HIF-1α (231-1α), HIF2-α (231-2α), or double silenced (231-DS) with cells expressing shRNA against both HIF-1α and HIF2-α were established using lentiviral transduction as previously described [35, 36] . Engineered cells (2 × 10 6 ) were orthotopically inoculated in the mammary fat pad of female SCID mice, and monitored for tumor growth. Tumors were excised (231-EV, n = 10; 231-1α, n = 9; 231-2α, n = 8; 231-DS, n = 7) and used for ex vivo imaging and molecular analysis once tumor volumes were~300 to 450 mm 3 . All animal handling was conducted in accordance with the regulations outlined by the Institutional Animal Care and Use Committee of Johns Hopkins University.
SHG Microscopy
Briefly, tumors were paraffin-embedded and 5 μm thick sections obtained for immunohistochemical analysis. Hematoxylin and eosin (H&E) stained tumor sections were analyzed with SHG microscopy using an Olympus Laser Scanning FV1000 MPE multiphoton microscope (Olympus Corp., Center Valley, PA, USA) with a 25Xw/ 1.05XLPLN MP lens. Excitation was achieved at 860 nm and the second harmonic signal was detected at a wavelength of 430 nm. Multiple fields of view (FOVs) were acquired from each tumor section with a FOV of 423.52 × 423.52 μm 2 . FOVs were spaced randomly throughout the tumor slide, avoiding necrotic regions. At least 6 FOVs were analyzed per tumor.
Quantification of fiber parameters including percent fiber volume and inter-fiber distance was performed using an in-house fiber analysis software as previously described [37] . The software was written using MATLAB 7.4.0 (The MathWorks, Natick, MA, USA).
RNA Isolation and qRT-PCR
RNA was isolated following a standard protocol (Qiagen, Valencia, CA, USA), and cDNA was synthesized using an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA). Briefly, tissue was homogenized with RLT buffer and passed through a QIAshredder to obtain RNA.
Quantitative real-time PCR (qRT-PCR) was performed using IQ SYBR Green Supermix and gene specific primers in the iCycler RT-PCR detection system (Bio-Rad, Hercules, CA, USA); 1 μl of 1:10 diluted cDNA was used. The expression of each gene was calculated relative to the house keeping gene, hypoxanthine phosphoribosyltransferase-1 (HPRT-1). The fold change between 231-HIF silenced and 231-EV tumors was calculated by comparing the change in threshold cycle (ΔCT) values. Confidence intervals were calculated based on a previously described model [38] .
Protein Isolation and Immunoblotting
Protein expression levels of COL1A1, MMP-1, MMP-14, and LOX were quantified by immunoblotting. Approximately 100 μg of the whole cell protein lysates from tumor tissue, along with a prestained, broad range standard molecular weight marker were resolved on a 7% polyacrylamide gel. Proteins were transferred to a nitrocellulose membrane overnight after which the membrane was removed, blocked with 5% nonfat milk for 2 h and further incubated overnight with antibody. Antibodies used were rabbit-polyclonal anti-COL1A1 antibody (1:1000; OriGene, Rockville, MD, USA), rabbit polyclonal anti-MMP-1 antibody (1:1000 dilution; Neo BioLab, Woburn, MA, USA), rabbit polyclonal anti-MMP-14 antibody (1:1000 dilution; Neo BioLab, Woburn, MA, USA), mouse monoclonal anti-LOX antibody (1:1000 dilution; GeneTex, Inc., Irvine, CA, USA), or rabbit polyclonal anti-LOX-L1 antibody (1:1000 dilution; Sigma-Aldrich Corp. St. Louis, MO, USA). Horseradish peroxidase-conjugated secondary antibodies were used at 1:2000 dilution. Blots were visualized using the SuperSignal West Pico Chemiluminescent substrate kit (Thermo Scientific, Rockford, IL, USA). The reference band from the molecular weight marker was used to determine the location of the protein of interest.
Immunohistochemistry Analysis
Formalin-fixed slides were stained for alpha smooth muscle actin (α-SMA), COL1A1, HIF-1α, and HIF-2α. For α-SMA, antigen retrieval was performed by boiling the sample in citrate buffer pH 6 in a microwave for 12 minutes. Slides were stained for α-SMA using a mouse-monoclonal anti-α-SMA antibody with a dilution of 1:200 (Novus Biologicals, Littleton, CO, USA). Slides were incubated overnight at 4°C. Following this, sections were incubated with horseradish peroxidase conjugated with anti-mouse IgG. Slides were then stained with 3,3′-diaminobenzedine (DAB) and counterstained with hematoxylin.
For COL1A1 immunostaining, antigen retrieval was performed in citrate buffer pH 6 in the microwave for 15 minutes after which slides were stained using rabbit-polyclonal anti-COL1A1 antibody (OriGene, Rockville, MD, USA) at a dilution of 1:70. After overnight incubation at 4°C, sections were incubated with horseradish peroxidase conjugated with anti-rabbit IgG. Slides were again stained with DAB and counterstained with hematoxylin.
For HIF-1α and HIF-2α immunostaining, slides were placed in a steamer with citrate buffer pH 6 for 50 and 30 minutes, respectively, for antigen retrieval. Mouse monoclonal HIF-1α primary antibody with a dilution of 1:8000 (Novus Biologicals, Littleton, CO, USA) or HIF-2α primary antibody with a dilution of 1:750 (Novus Biologicals) was added to each slide and allowed to sit overnight in 4°C. Sections were incubated with horseradish peroxidase conjugated with anti-mouse IgG. Finally, slides were stained with DAB and counterstained with hematoxylin.
Statistical Analysis
Statistical significance was determined using a two-tailed unpaired Students t-test performed using Microsoft Office Excel 2010 (Microsoft, Redmond, WA, USA). P ≤ .05 was considered significant unless otherwise stated.
Results
Validation of HIF Down-Regulation in Tumors with Immunohistochemistry
HIF-1α and HIF-2α down-regulation was confirmed by immunohistochemical analysis using the corresponding antibodies as shown in Figure 1 , A and B. Because primary tumor growth was significantly delayed in 231-1α, 231-2α, and 231-DS tumors compared to 231-EV tumors, 231-EV tumors were excised at~300 to 450 mm 3 after approximately 10 weeks whereas 231-1α, 231-2α, and 231-DS tumors required approximately 23 to 27 weeks to attain comparable volumes.
Fiber Volumes Increase in 231-1α, 231-2α, and 231-DS Tumors SHG microscopy was used to image Col1 fibers in tumors. Representative SHG images shown in Figure 2A illustrate differences in Col1 fibers in 231-1α, 231-2α and 231-DS tumors compared to EV tumors. An in-house fiber analysis software written in MATLAB was used to quantify fiber volume and fiber distance. Fiber volume in 231-1α, 231-2α and 231-DS tumors was significantly higher and inter-fiber distance was significantly lower compared to 231-EV tumors ( Figure 2B ).
Col1 fiber content was analyzed by COL1A1 immunostaining of tumor sections and immunoblotting of tumor tissue. Representative images of COL1A1 immunostained tumor sections are shown in Figure 3A . High-resolution digital scans of the immunostained sections were obtained using Aperio's Digital Pathology Slide Scanner (Leica Biosystems, Wetzlar, Germany). Images were processed and immunostaining intensity was quantified with Aperio ImageScope software using the algorithm supplied by the manufacturer (Leica Biosystems). Fractional COL1A1 immunostained areas were quantified by computing the fraction of strongly stained pixels in the tumor section normalized to the area of the section (1 section per Neoplasia tumor). Strongly stained pixels were identified as strongly positive according to the Aperio software's Positive Pixel Count Algorithm. As shown in Figure 3B , the fractional COL1A1 immunostained area increased significantly in 231-2α and 231-DS tumors compared to 231-EV tumors (P ≤ .05). Immunoblots of COL1A1 displayed in Figure 3C detected an increase of COL1A1 protein in 231-2α and 231-DS tumors.
Lysyl Oxidase Levels Were Reduced in 231-2α and 231-DS Tumors
Both mRNA levels and protein expression of LOX and LOX-L1 were quantified. A significant increase in LOX mRNA was observed in 231-1α tumors while a significant decrease was observed in 231-DS tumors ( Figure 4A ).
Western blot analysis revealed a reduction of LOX in all HIF silenced tumors compared to 231-EV tumors ( Figure 4B ). The different banding pattern of the second sample in the 231-1α group may have occurred from nonspecific binding or degradation of the protein. LOX-L1 immunoblot analysis showed no change in expression of LOX-L1 in HIF-silenced tumors compared to 231-EV (data not shown).
Matrix Metalloproteinases 1 and 14 Down-Regulated in 231-1α, 231-2α, and 231-DS Tumors
To determine whether MMP levels were altered in response to HIF silencing, qRT-PCR and immunoblotting were performed. The qRT-PCR results indicated that MMP-1 was reduced in 231-2α and 231-DS tumors and MMP-14 was reduced in all HIF-silenced tumors: 231-1α, 231-2α, and 231-DS ( Figure 5, A and B) . Western blot analyses detected a loss of expression of the active form of MMP-1 in 231-2α and 231-DS tumors. Additionally, a significant reduction of MMP-14 was observed in 231-1α and 231-DS tumors ( Figure 5C ).
Prolyl Hydroxylase Subunits
Two enzymes involved in post transcriptional modification of Col1, prolyl 4-hydroxylase-α1 (P4HA1) and prolyl 4-hydroxylase-α2 (P4HA2), were measured. P4HA1 significantly decreased in 231-1α and 231-2α tumors ( Figure 6A ). On the other hand, P4HA2 significantly increased in 231-2α and 231-DS tumors but decreased in 231-1α tumors ( Figure 6B ).
CAFs Detected by α-SMA Immunostaining
To understand the role of CAFs in the differences in Col1 fiber patters, α-SMA immunostaining of the tumors was performed. Representative images shown in Figure 7A demonstrate an increase of α-SMA immunostaining in 231-DS tumors. Quantitative estimates of α-SMA immunostained regions relative to tumor area revealed a significant increase of CAFs in 231-DS compared to 231-EV tumors as shown in Figure 7B .
Discussion
Col1 fiber content and patterns in tumors are the net outcome of several factors including enzymes such as LOX and P4Hs required for Col1 synthesis [17, 18] , MMPs that degrade Col1 fibers [27] , and CAFs that are a primary source of Col1 [33, 34] . Our purpose here was to understand the impact of HIF silencing on Col1 fiber content and on the molecular mechanisms that play a major role in the formation of Col1 fibers. The importance of HIFs in cancer progression has been well established [39] . Understanding the relationship between these parameters can provide further insight into the mechanisms by which these contribute to tumor progression and metastasis.
Tumors derived from HIF-1α, HIF-2α or combined HIF-1α and HIF-2α silenced MDA-MB-231 cells showed a significant increase of Col1 fiber volume and decrease of Col1 inter-fiber distance. This increase was more pronounced for HIF-2α and combined HIF-1α and HIF-2α silenced tumors. The decrease in inter-fiber distance was more drastic in 231-2α tumors than in 231-DS tumors perhaps suggesting a different rearrangement of fibers when only HIF-2α is down-regulated compared to when both HIF-1α and HIF-2α are down-regulated. We previously observed that hypoxic tumor regions contained fewer Col1 fibers [37] , suggesting that increased HIF expression reduced Col1 fibers. Consistent with these studies, here we found that silencing HIFs increased Col1 fibers as detected by SHG microscopy. Col1A1 immunostaining also detected a significant increase of Col1 fiber content in 231-2α and 231-DS tumors confirming the SHG data for these tumors. Enzymes such as LOX, MMP-1, MMP-14 and P4Hs that regulate Col1 fibers were perturbed by HIF silencing. CAFs significantly increased in 231-DS tumors. A previous study reported a decrease in collagen with HIF-silencing in tumors orthotopically implanted together with matrigel [40] . However, the picrosirius stain used detected all fibrillar collagen, including types I, II, III, V, XI, XXIV, and XXVII [41] . We specifically studied Col1 fibers in tumors that were implanted without matrigel.
Several studies have identified Col1 fiber density and COL1A1 expression as associated with increased metastasis [13, 15] . Similarly, an increase of CAFs has been associated with more aggressive cancers [ [42] [43] [44] . In previous studies, we observed that HIF silencing reduced invasion and metastasis from MDA-MB-231 tumors [35] . Despite an increase of Col1 fibers in HIF silenced tumors observed here, the reduction of invasion may have reduced metastasis from these tumors [35] . These data highlight the importance of HIF regulated cytokines and pathways in the metastatic cascade and suggest that while Col1 fibers play a role in growth and metastasis [13] [14] [15] , in the absence of these factors, cancer cells are limited in terms of growth and ability to metastasize. Cancer cells have been found to travel along radially aligned collagen fibers [13] . Alignment of fibers has been used to predict patient survival [45] . Another factor that may have contributed to the lack of metastasis despite the high Col1 is that fibers were not oriented to facilitate cancer cell migration. Knockdown of HIF-1α has been previously found to decrease alignment of fibers in tumors when exposed to hypoxia in comparison to EV tumors [40] . Col1 is a fibrillar collagen composed of repeating sequences of three amino acids in the form of GXY where X is typically a proline. Glycine and proline are the major amino acid precursors of Col1. Previous studies have identified regulation of glycine and proline by HIFs [46] , suggesting that the metabolic consequences of HIF silencing may have also played a role in the Col1 changes observed here and may have also reduced the ability of cells to invade and metastasize.
To understand mechanisms underlying the changes in Col1, we analyzed LOX responsible for cross-linking of Col1, MMPs involved in Col1 degradation, and P4Hs that perform post transcriptional modification of Col1 fibers. P4H consists of two subunits, α and β, which come together to form a tetramer. There are three isoforms of the α subunit, P4HA1, P4HA2, and P4HA3 [17] . Changes in the parameters investigated are summarized in Table 1 . In 231-1α tumors, an increase of SHG detected Col1 fibers was accompanied by a reduction of MMP-14 mRNA and protein and a decrease of P4HA1 and P4HA2 mRNA. LOX mRNA increased but protein expression decreased in these tumors. COL1A1 immunostaining remained unchanged and COL1A1 protein decreased. It is possible that the COL1A1 antibody only recognized three-dimensional epitopes and had diminished reactivity with denatured Col1 fibers. CAFs did not increase in 231-1α tumors. In 231-2α tumors, an increase of SHG detected Col1 fibers was accompanied by an increase of COL1A1 immunostaining, COL1A1 protein, a decrease of LOX protein, a decrease of MMP-1 mRNA and protein, a decrease of MMP-14 mRNA, and a decrease of P4HA1 but an increase of P4HA2 mRNA. CAFs did not increase in these tumors. In 231-DS, the increase of SHG detected Col1 fibers was accompanied by an increase of COL1A1 immunostaining, COL1A1 protein, a decrease of LOX mRNA and protein, a decrease of MMP-1 and MMP-14 mRNA and protein, no change in P4HA1 and an increase of P4HA2 mRNA. CAFs significantly increased in 231-DS tumors.
The increase in Col1 fibers with HIF-1α, HIF-2α and HIF-1α and HIF-2α silencing may have been predominantly mediated through the reduction of MMPs as these were consistently lower in all three tumor types. MMP-1 and MMP-14 function to degrade Col1 fibers [27] . The reduction of MMP-1 and MMP-14 in HIF-silenced tumors indicates a reduction of Col1 degrading enzymes that is consistent with the increase of Col1 fibers observed with HIF silencing. MMPs are hypoxia regulated genes and thus reduced MMP expression in HIF silenced tumors alone is not surprising [47, 48] .
P4Hs are post transcriptional modifiers of Col1 required to form the triple helix of Col1 and promote its stabilization. The subunit P4HA1 is expressed mostly in mesenchymal cell types, while subunit P4HA2 is found mainly in differentiated cell types, chondrocytes, and osteoblasts [49] . Interestingly, the two subunits showed somewhat differing trends. P4HA1 was reduced in 231-1α and 231-2α. P4HA2, however, increased in 231-2α and 231-DS tumors, but decreased in 231-1α. An association between CO1A1 levels and P4HA2 has been previously reported [50] . In 231-DS tumors the only significant change was an increase in P4HA2. The increase of P4HA2 may explain, in part, the increase of Col1 fibers in 231-2α and 231-DS tumors.
LOX plays a key role in maintaining the stability of the ECM through its ability to catalyze the covalent cross-linking of Col1 fibers [19] . Both LOX and LOX-L1 are specifically associated with Col1 fibers [51] . For both 231-2α and 231-DS tumors, LOX protein expression was down-regulated compared to 231-EV tumors. LOX mRNA increased in 231-1α tumors although protein expression was reduced in two of three tumors. Taken together, the LOX results suggest that the amount of cross-linked fibers was overall reduced in the HIF-silenced tumors. Since non-cross-linked fibers also produce SHG signal [52] , the increased Col1 fibers detected by SHG in HIF-silenced tumors may have been the result of partially processed fibers. Cancer cell metastasis was found to be dependent upon LOX-mediated Col1 cross-linking [21, 51] . Thus, the observed decrease in LOX could partly explain the lack of metastasis in the HIF-silenced tumors [35] . The increase of CAFs observed in 231-DS tumors may have contributed to the increase of Col1 fibers in these tumors, unlike the 231-1α and 231-2α tumors where we did not detect an increase of CAFs. The presence of CAFs is usually associated with increased aggressiveness [42] [43] [44] but our data suggest that without active HIF signaling, CAFs are rendered nonthreatening although they may still modify the ECM through increased Col1 deposition. Further studies are required to understand why HIF silencing increased the number of CAFs in these tumors.
In summary, HIF silencing increased tumor Col1 fiber density. The changes in Col1 fiber density were explained by a combination of changes in P4Hs, MMP-1, MMP-14, and LOX. The increased P4HA2 levels observed in 231-2α and 231-DS tumors likely up-regulated Col1 synthesis. The decrease in MMP-1 and MMP-14 levels in HIF-silenced tumors likely prevented Col1 degradation. The reduction of LOX protein expression suggests that there were fewer cross-linked fibers despite an overall increase in fiber density. CAFs contributed to the increase of Col1 fibers but only in 231-DS tumors. These data expand our understanding of HIF-mediated regulation of Col1 fibers in the TME and further highlight the importance of hypoxia in modifying the ECM.
